DeHart. Effects of microgravity and bone morphogenetic protein II on GFAP in rat brain. J. Appl. Physiol. 85(2): 716-722, 1998.-This study evaluated effects of bone morphogenetic protein II (BMP) on glial fibrillary acidic protein (GFAP) in the brain of female Fischer 344 rats during 14 days of spaceflight. GFAP mRNA decreased in vehicle-implanted rats flown on the space shuttle by 53 and 48% in the stratum moleculare and stratum lacunosum moleculare hippocampal subregions, respectively. GFAP mRNA was not significantly affected by BMP implantation during spaceflight. Rats returning from space exhibited a 56% increase in serum corticosterone. BMP treatment did not additively increase corticosterone elevations in microgravity but appeared to increase serum corticosterone and reduce GFAP mRNA in the stratum moleculare in control rats. These data suggest that exposure to microgravity reduces GFAP expression in hippocampal astrocytes.
MICROGRAVITY is the extremely weak gravitational pull that occurs while a spacecraft is in orbit around the Earth. Current spaceflight technology necessitates exposure to microgravity, which adversely affects several aspects of human and animal physiology. Some of these effects include skeletal muscle atrophy (19, 63) , bone loss (43) , and shifts of body fluids from the lower extremities to the upper body (37) . There are shifts in endocrine homeostasis, including decreased circulating testosterone concentrations (22) . Decreased levels of total catecholamines (32) and increased catecholamine output from the adrenal glands have been reported (3) . Increased stroke volume and cardiac output are effects reported in the cardiovascular system (68) . Changes in the central nervous system (CNS) include increased numbers of 5-hydroxytryptamine type 1 receptors in the hippocampus (36) and pineal gland (24) . Attempts to study the neurodegenerative effects of microgravity on the CNS have reported ultrastructural changes, mostly confined to the somatosensory, visual, olfactory, and vestibular systems (8, 14, 15, 29, 38, 50, 51) . These ultrastructural changes include loss of axon terminals in the somatosensory, visual, and olfactory cortices (14, 15) , increased ribbon synaptic plasticity in hair cells of the utricular maculas (51) , and increased neural adaptation in the primary afferents of the semicircular canal (8, 50) . Spaceflight research has not yet determined whether microgravity causes degeneration in the hippocampus (see Fig. 1 ), where learning and memory might be affected.
The stratum moleculare (sm) and stratum lacunosum moleculare (slm) of the hippocampus were chosen as the focus of this study for three reasons. First, glial fibrillary acidic protein (GFAP) mRNA expression in the sm changes in response to a variety of factors, including corticosterone (Cort), lesions, aging, and stress. A recent study showed similar increases with aging in GFAP mRNA expression in the sm and slm that were attenuated by dietary restriction (35) . It is reasonable to assume that these two regions would respond similarly to stress and Cort. Second, microgravity-induced changes in 5-hydroxytryptamine type 1 receptors have been reported, suggesting that the hippocampus is sensitive to microgravity (36) . Third, any hippocampal degeneration induced by prolonged exposure to microgravity could produce serious cognitive impairments similar to dementia of the Alzheimer's disease type.
Immunoreactivity and mRNA expression of GFAP both serve as useful neurodegenerative markers, because increased expression corresponds to a characteristic cellular hypertrophy referred to as astrogliosis (16, 33) . GFAP is an intermediate filament protein in astrocytes, and its expression increases in response to injury, neurodegenerative disease, and aging (20, 34, 39, 46) . GFAP also appears to be regulated by local changes in neuronal activity. GFAP immunoreactivity increased in rat lateral geniculate nuclei after deprivation of visual information and after intraocular implantations of tetrodotoxin (5) . In the chick nucleus magnocellularis, tetrodotoxin also increased GFAP expression in axon terminal projection fields (4). However, other studies have shown that increased neuronal activity associated with seizures can increase GFAP expression (60) . Shifts in circulating steroid hormone concentrations can also alter GFAP expression.
Glucocorticoids are secreted by the adrenal gland, and large increases in secretion denote stress in primates, rodents, and other animals. Some hippocampal neurons are sensitive to adrenal steroids and possess high concentrations of both the type I glucocorticoid receptor and the lower affinity type II mineralocorticoid receptor (66) . Substantial increases in circulating glucocorticoids selectively damage subpopulations of hippocampal pyramidal neurons of primates (53) , guinea pigs (1), and rats (52) and might accelerate cognitive aging. Cort manipulations can alter astrocyte gene expression in rats (30, 41, 44, 62) . GFAP mRNA and protein decrease in intact and adrenalectomized adult male rats after chronic and short-term Cort administration (42, 44) . Elevated cortisol levels have been reported in astronauts [one study cites an increase of 300% (59) ] and suggest that spaceflight elicits a stress response (26) . Thus it seems plausible that chronic Cort elevations during space missions could cause the loss of vulnerable neurons in the hippocampus. On longer space missions, this could cause cognitive impairment or dementia similar to Alzheimer's disease.
In addition to astrocytic GFAP, three neuron-specific proteins were chosen as potential markers for microgravity-induced neurodegeneration. Growth-associated protein-43 (GAP-43), brain-derived neurotrophic factor (BDNF), and ␣ 1 -tubulin were selected because of their established functions and known responses to hippocampal lesions. GAP-43, an axonally transported phosphoprotein, is a component of growth cone membranes and might have a function in neurite outgrowth and motility during development and regeneration. After hippocampal deafferentation by simultaneous unilateral entorhinal cortex/fimbria fornix lesion, GAP-43 mRNA increases in both the ipsi-and contralateral hilar and CA3 pyramidal neurons (54) . Similarly, ␣ 1 -tubulin, which is usually elevated during development, increases in the adult hippocampus after unilateral electrolytic lesioning in the rat entorhinal cortex (47, 48, 72) . BDNF, on the other hand, decreases transiently after hippocampal deafferentation (2) .
The rats in this study were also treated with bone morphogenetic protein II (BMP). BMP belongs to a family of proteins that induce cartilage and bone formation in vivo (49, 71) . BMP is structurally related to the transforming growth factor-␤ (TGF-␤) family. The highaffinity TGF-␤ receptors that bind BMP are not confined to osteoblastic cells; they are also found on fibroblasts, kidney epithelial cells, keratinocytes, and astrocytes (27) . Not surprisingly, BMP has biological functions unrelated to bone and cartilage formation. Synergistic action with tumor necrosis factor stimulates the production of nerve growth factor in fibroblasts (23) . Other BMP neurotrophic activity includes differentiation of rat pheochromocytoma PC12 cells (27) . BMP also induces differentiation, inhibits proliferation, and can prevent cell death in astrocyte-derived cell lines (9, 10) . The present study sought to determine whether BMP would adversely affect neurons in the hippocampus in vivo. These adverse effects could be detected by an induction of astrocyte hypertrophy characteristic of degeneration and elicit a concomitant increase in GFAP. The objective of this study was to determine whether 14-day exposure to microgravity affected the expression of astrocyte-specific GFAP in the adult female rat hippocampus and whether BMP had any effect on GFAP expression.
MATERIALS AND METHODS
Rats. Twenty-four ovariectomized female (30 days after ovariectomy) Fischer 344 rats (200 Ϯ 20 g body wt) were housed in pairs in flight hardware cages at the Kennedy Space Center at a mean temperature of 30.1°C, and food and water were provided ad libitum. With the use of a weightmatched randomization procedure, rats were divided into the following four groups: 1) vehicle-implanted flight rats, 2) vehicle-implanted ground controls, 3) BMP-implanted flight rats, and 4) BMP-implanted ground controls. Twenty hours before launch, all rats were anesthetized with ketamine (80 mg/kg body wt) and xylazine (4 mg/kg body wt), and a 15-mm incision was made parallel and immediately adjacent to the midline. Four pockets were prepared beneath the ventral panniculus carnosus and adjacent to the abdominal musculature. Two pellets, each containing 100 µg of BMP, and two placebo pellets were implanted into every experimental rat, except for control rats, which received placebo implants only. The pellets were coated with an erodible matrix so that the BMP release was initiated ϳ72 h after implantation (Innovative Research of America, Toledo, OH). Immediately before launch, all rats received an intraperitoneal implantation of the bone marker calcein (20 mg/kg body wt). The flight rats were flown into space (space shuttle flight PSE4, March 1994) and exposed to microgravity for 14 days. Changes in temperature, pressure, and humidity occurring during the spaceflight were recorded. Ground control rats were exposed to the same environmental conditions. All rats were euthanized by decapitation 20 s after being removed from their cages 2-4 h after touchdown. Brains were dissected from the cranium, frozen at Ϫ70°C within 3 min, and sent to the Center for Cell Research, the Pennsylvania State University.
In situ hybridization. One-half of each brain was sectioned (35 µm thick) in the parasagittal plane on a cryostat. Sections from each rat were thaw mounted onto poly-L-lysine subbed slides. A total of 96 sections were coded for blind analysis and underwent in situ hybridization (11) . Briefly, sections were fixed in 4% paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ·7H 2 O, 1.4 mM KH 2 PO 4 , pH 7.5) for 30 min and were rinsed in PBS. Slides were treated with 0.25% acetic anhydride in 0.1 M triethanolamine and were then dehydrated in an ethanol series immediately before hybridization. Sections were hybridized to 35 S-labeled antisense probes for either GFAP, GAP-43, BDNF, or ␣ 1 -tubulin. Sections were incubated with probe under coverslips for 3 h in a humidified chamber at 50°C. After hybridization, sections were digested with 20 µg/ml RNase A at 37°C for 30 min and were washed at high criterion in 50% formamide, 0.5 M NaCl, 50 mM sodium phosphate, and 1% ␤-mercaptoethanol at 55°C for 30 min. The slides were dehydrated in an ethanol series containing 0.3 M NH 4 OAc, air dried, and dipped in Kodak NTB-2 photographic emulsion. After 2 wk of exposure at 4°C, sections were developed and counterstained with cresyl violet.
Total GFAP protein ELISA. The GFAP content in the remaining brain halves was assessed by using a sandwich ELISA (56) . Hippocampal, cerebellar, striatal, and cortical regions were dissected freehand and homogenized in hot (90ϩ°C) 1% SDS for subsequent assay of total GFAP content.
Immunocytochemistry. Immunocytochemical staining was performed by using a method developed for frozen sections (13) . Thaw-mounted frozen sections (35 µm thickness) were placed on a slide warmer, adjusted to the lowest setting, and dried just until the last trace of moisture evaporated. Sections were fixed in 4% paraformaldehyde in PBS for 30 min, thoroughly rinsed in three changes of PBS, and quenched with 0.3% H 2 O 2 solution. After three rinses in PBS, sections were boiled in 10 mM citric acid (pH 6.0) in a standard microwave oven at 1-min intervals for 5 min. Serum Cort. Trunk blood samples were obtained from rats at death for Cort radioimmunoassay.
Data analysis. GFAP mRNA was quantified in the sm and slm of the hippocampus (Fig. 1) . BDNF, GAP-43, and ␣ 1 -tubulin mRNAs were quantified in the pyramidal cell layer of CA3 and in polymorphic cells of the hippocampal hilus. Bright-field microscopic computer-assisted videodensitometry (Image 1, Universal Imaging) at ϫ1,250 magnification was employed to count the silver grains over labeled cells. Background counts were subtracted from each labeled cell count. Background measurements were taken from emulsioncoated regions of the slides where no tissue was present. Statistical evaluations were performed by paired t-tests.
RESULTS
GFAP mRNA expression. The rats were flown into space (space shuttle flight PSE4, March 1994) and exposed to microgravity for 14 days. All rats were euthanized by decapitation 2-4 h after touchdown. The rats flown on space shuttle flight PSE4 displayed significantly (P Ͻ 0.05) lower GFAP mRNA expression in the hippocampus compared with ground controls.
This difference was seen in both the sm and slm of the hippocampus (Fig. 1) . A comparison of vehicle-implanted control rats demonstrated that GFAP mRNA was reduced by 53% in the sm and by 48% in the slm in rats that experienced spaceflight compared with ground controls (Figs. 2 and 3) . In contrast, a comparison of Values are means Ϯ SE; n ϭ 6 rats/group: vehicleimplanted flight and ground control rats, and bone morphogenetic protein II (BMP)-implanted flight and ground control rats. * Vehicleimplanted flight rats showed a significant reduction in GFAP mRNA compared with vehicle-implanted ground controls (P ϭ 0.0058). † Significant difference between BMP-implanted and vehicle-implanted ground rats (P ϭ 0.012). BMP-implanted flight and ground rats did not result in significant differences in GFAP mRNA expression after spaceflight. Furthermore, vehicle controls and BMPimplanted rats flown on the shuttle showed similar levels of GFAP mRNA. Within the groups not flown in space, GFAP mRNA expression in the sm was significantly (P Ͻ 0.05) reduced in BMP-implanted rats compared with vehicle-implanted controls (Fig. 2) . This difference was not seen in the slm (Fig. 3) . GAP-43, BDNF, and ␣ 1 -tubulin mRNA expression. A comparison among the four experimental groups did not show any significant differences in either GAP-43, BDNF, or ␣ 1 -tubulin mRNA expression in any hippocampal regions (data not shown).
GFAP ELISA. GFAP immunoreactivity in the hippocampus is slightly (4-8%), but not significantly, lower in the flight rats than in ground controls (Fig. 4) . BMP did not affect GFAP in ground controls. In addition, similar levels of immunoreactivity were observed in vehicle-implanted ground and vehicle-implanted flight rats. No significant differences were found among any of the groups for the cerebellar, striatal, or cortical regions (data not shown). The data from the immunocytochemically stained tissue sections confirmed the ELISA results (data not shown).
Cort. Serum Cort concentrations were elevated by 56% in vehicle-implanted flight rats compared with vehicle-implanted ground controls (Fig. 5) . Cort was also significantly (P Ͻ 0.05) elevated in BMP-implanted ground rats compared with vehicle-implanted ground controls (Fig. 5) . No significant differences in Cort were found between BMP-implanted and vehicleimplanted flight rats.
DISCUSSION
These data show that GFAP mRNA decreases by 53% in the sm and by 48% in the slm in rats flown into space on space shuttle flight PSE4. This decrease demonstrates that this 14-day space mission altered GFAP gene expression in the rat brain. The decrease in GFAP mRNA, however, was not accompanied by a significant decrease in the immunoreactivity or protein content. This suggests that the transcriptional change in GFAP gene expression was transient and might have been stress related.
Another goal of this study was to determine whether BMP affects GFAP expression. This study found that BMP does not affect GFAP during spaceflight. BMP also does not seem to have an effect on GAP-43, BDNF, or ␣ 1 -tubulin expression. No differences were found between BMP-implanted flight and ground rats. However, among ground controls, BMP-implanted rats showed a decrease in GFAP mRNA in the sm and showed elevated serum Cort. This suggests that this TGF-␤ related protein can attenuate GFAP transcription under normal gravity. Because serum Cort was elevated by 56%, the decrease in GFAP might be Cort mediated. Further studies are required to determine whether the BMP regulation of GFAP mRNA is independent of Cort action. If so, BMP might be therapeutically beneficial for the intervention of neurodegenerative diseases. Otherwise, the benefits of BMP treatment that might be gained by stemming bone loss might be minimal in relation to the Cort-induced neurotoxicity.
Analysis of emulsion-coated autoradiograms did not demonstrate significant differences in the expression of mRNA for BDNF, GAP-43, and ␣ 1 -tubulin. GAP-43 is a growth cone protein induced by nerve growth factor, and glucocorticoids can inhibit its expression (6, 18) . If there were some stress-and/or microgravity-related degeneration that would induce GAP-43 expression, Fig. 4 . Total GFAP protein in hippocampal homogenates assayed by ELISA. Values are means Ϯ SE; n ϭ 6 rats/group. There were no significant differences among any of the groups. Values are means Ϯ SE; n ϭ 6 rats/group. * Significant increase in corticosterone in vehicle-implanted flight rats compared with vehicleimplanted ground controls (P Ͻ 0.05). † Significant rise in serum corticosterone for BMP-implanted ground rats compared with vehicleimplanted ground controls (P Ͻ 0.05).
the rise in serum Cort could conceivably mask it. Similarly, BDNF has been reported to decrease in response to stress; however, it is not known whether this decrease is Cort mediated (57) . No clear correlations between ␣ 1 -tubulin and stress and Cort have been established. The fact that no change in mRNA was observed for these neuron-specific proteins suggests that little if any neuron loss occurred. However, without actually counting neurons, it is impossible to say that no neuron loss occurred in these animals.
The decrease in GFAP mRNA was accompanied by a 56% increase in the adrenal glucocorticoid Cort. Although no in-flight blood samples were taken, this marked rise in Cort could be evidence of a stress response associated with a recent event such as reentry or landing. This idea is supported by a previous study, which showed that urinary cortisol of the space shuttle's crew was elevated threefold during landing (59) . Other studies reported stress responses to the vibration and deceleration associated with reentry (17) . The elevation in Cort might account for the observed decrease in GFAP. Glucocorticoids can alter astrocytic gene expression (31, 41, 62) . In particular, GFAP mRNA and protein decrease in intact and adrenalectomized adult male rats after short-term elevations in serum Cort concentrations (42, 44) .
According to previous studies, the response of GFAP mRNA and protein to Cort regulation can vary. In the hippocampus of intact or adrenalectomized rats, GFAP mRNA decreases by 50% within 8-32 h after glucocorticoid administration (40, 42) . In contrast, a 5-day exposure to Cort reduced GFAP protein by 20-40% in similarly treated adult male rats (45) . The 50% decrease in GFAP mRNA noted in the present study is consistent with these reports.
No significant change in the protein content or immunoreactivity was observed in the present study. One possible explanation is that the time between landing and death might have been too brief to allow for significant changes in GFAP protein content. This interval might have been too short for Cort to reduce GFAP more than the 4-8% observed in this study compared with the 20-40% reported after 5 days (45) . In support of this, the turnover of GFAP is estimated to span from several days to several weeks (12, 58) . A previous study reported that 40% of the radioactivity incorporated into GFAP in mouse spinal cord in vivo is still present after 9 wk (12). A similar result was obtained by using cultured astrocytes, for which the half-life of GFAP was reported to be ϳ1 wk (7) . Because GFAP mRNA always shows an earlier and larger change than GFAP protein, the small change in GFAP mRNA found in the brains of spaceflight rats would not be expected to show any corresponding change in GFAP protein. This dissociation between GFAP protein and GFAP mRNA is typically observed after trauma (25) and Cort replacement after adrenalectomy (45) . Unfortunately, no blood or tissue samples were collected during space shuttle flight PSE4. Analysis of these samples would have shown the profile of Cort secretion during spaceflight. In addition to the possible effects of reentry, handling of the rats before death can cause stress. This seems unlikely, however, since the ground controls, which were handled in the same manner, did not exhibit the increase in Cort concentration.
Using human subjects, Stein and Schluter (59) reported rapid endocrine adaptation to the microgravitational field. Urinary interleukin-6 and cortisol excretions drastically increased only on the first day of spaceflight, suggesting that the initiation of spaceflight constitutes an acute rather than a chronic stress response. This acute stress response might be masking other effects of microgravity and spaceflight. These concerns have been expressed by other investigators (17, 28, 64) .
In contrast to dentate granule cells, which are dependent on glucocorticoids for survival during development (21, 55) , certain pyramidal cells of the hippocampus (CA1) are vulnerable to adrenal steroids in adulthood. Repeated stress and/or elevations of glucocorticoids decrease the number of apical dendritic branch points (69, 70) and cause pyramidal neuron loss in the hippocampus (53) . This neuron loss is thought to result from impaired energy metabolism and might include astrocyte dysfunction or damage. Glial cells have been reported to play neurotrophic and neuroprotective roles in vitro (61, 65) . Cort has been shown to inhibit glucose transport and glutamate uptake by hippocampal astrocytes (67) . Thus the decrease in GFAP mRNA observed in the present study might reflect a weakened cellular energy potential secondary to neuronal excitotoxicity. This type of excitotoxic damage might take several months to develop. Clearly, there was no evidence of excitotoxicity-induced gliosis in this short spaceflight study. Studies of long-term spaceflight are needed to determine whether excitotoxicity is a consequence of microgravity.
In summary, the decrease in GFAP mRNA suggests that spaceflight and/or exposure to microgravity can alter gene expression in hippocampal astrocytes. This decrease might be mediated by stress-induced elevations in circulating glucocorticoids. BMP treatment does not alter the gene expression of the markers employed in this study. However, under conditions of normal gravity, BMP treatment might increase serum Cort and indirectly attenuate GFAP mRNA. The results of this study also demonstrate the need for in-flight data collection to elucidate the specific effects of microgravity on neurodegeneration.
Physiological modifications observed during space missions reflect responses to a variety of factors besides reduced gravity. The rats in this study were also subjected to changes in electromagnetic fields, background radiation, vibration, and altered day-night cycles (38) . Attempts have been made to simulate microgravity in the laboratory. Hindlimb suspension, water submersion, and head-down tilting experiments are commonly used. The validity of these types of studies is limited because they tend to focus only on one aspect of the microgravitational field such as hindlimb muscle atrophy. Hence, to study the specific effects of space- http://jap.physiology.org/ flight and microgravity on mammalian CNS, it is necessary to collect in-flight data.
